We propose and experimentally demonstrate a broadband polarization beam splitter on the silicon-on-insulator platform using the concept of multimode interference. The angle between the input waveguide and the multimode interferometer (MMI) was optimized in order to extract the images corresponding to the fundamental transverse electric (TE) and transverse magnetic (TM) polarizations from a single, compact MMI. By changing the direction of propagation, the input angle enabled the addition of a parallelepiped to facilitate exclusively TM collection above the MMI, therefore eliminating the need to cascade successive MMIs. The MMI was tapered to improve coupling at the ports. The design allowed for a compact geometry with a length of 67.5 μm and width of 4 μm, while maintaining a feature size comparable to the waveguide width. The design was experimentally characterized over 72 parameter variations, including input angle, output TM and TE port positions, and bend radius of the output TE waveguide. The performance was consistent over the 100 nm wavelength range of 1500-1600 nm, with an average insertion loss of 2 dB. The device maintained an extinction ratio of at least 13.96 and 11.45 dB in the C-band for the TE and TM polarizations, respectively.
Introduction
The development of microfabrication techniques for chip-scale devices has enabled the fabrication of photonic integrated circuits with feature sizes at sub-micron scales. Specifically, silicon (Si) photonic (SiP) technology offers advantages of compactness, low cost, and mass production by virtue of the fact that it uses mature fabrication processes leveraged from the complementary metaloxide-semiconductor (CMOS) industry [1] , [2] . The degree of light confinement induced by the high refractive index of Si enables compact photonic integrated circuits that are heavily used in fields such as telecommunications and sensing [1] . However, the refractive index contrast between the Si core and SiO 2 cladding results in an effective index difference between the transverse electric (TE), and the less confined transverse magnetic (TM) polarizations for waveguides with an asymmetric cross-sections [3] , as is typical of SiP fabrication processes. This manifests as birefringence, which affects devices in the SiP platform. The resultant polarization mode dispersion has the potential to severely degrade the applicability of device designs [4] . This problem necessitates the incorporation of polarization diversity [5] in SiP circuits [6] . It is overcome by using polarization beam splitters (PBS), which separate incoming polarizations, thereby enabling an independent treatment of each polarization. An additional advantage is the possibility of doubling system capacity through the simultaneous exploitation of independent polarizations [7] .
We present a passive polarization beam splitter that splits input TE 0 and TM 0 modes by exploiting the effective birefringence of 220 nm thick Si in the case of a multi-mode interferometer (MMI). The attraction of MMI-based PBS devices such as cascaded [8] or wedge [9] designs is in their resilience to nanofabrication errors, mainly due to large feature sizes [10] . MMI-based designs maintain a high fabrication tolerance due to their larger and relatively simplistic device geometry. This reduces the effect of errors that are introduced by electron beam or ultraviolet lithography techniques for siliconon-insulator chip design, such as smoothing at sharp edges, sidewall roughness, or inaccurate patterning [11] . However, large feature sizes typically imply a larger device size, and the trade-off is a correspondingly large design footprint (several hundred micrometres in length) [12] . Considering this limitation, there is an interest in reducing the footprint of devices that have relatively simplistic functionality, such as polarization splitting in a PBS. In this regard, increasingly compact and broadband PBS structures have been proposed using subwavelength gratings (SWG) [13] - [15] , directional couplers (DC) [16] , [17] , or additional layers [18] , [19] . Although these designs offer a significant reduction in size, their applicability is limited because the performance of the fabricated devices is inconsistent due to their small feature sizes, or incompatibility with CMOS fabrication processes. For example, directional coupler based designs [16] , [17] have a smaller footprint but the precise gap width implies a high temperature and fabrication sensitivity, which affects repeatability and robustness.
Our work demonstrates a novel idea to reduce the size of a MMI-based PBS by altering the geometry of the design while maintaining a topology of genus zero. A genus zero PBS design indicates that the device consists of a single Si block and does not contain any holes or SWGs. This restriction improves the robustness of the device because it is less susceptible to performance variability caused by fabrication errors and thermal or mechanical stress. This differentiates our MMI-based PBS from MMI based designs incorporating photonic band engineering [13] , [15] . Preliminary results have been published in [20] . In this paper, we present the design, simulation, and experimental characterization of the performance of our proposed PBS versus different key parameters. The device has a compact footprint with a width of 4 μm and length of 67.5 μm. An angled input waveguide facilitated the coupling of the TM interference pattern above the MMI. A total of 72 variations for the device geometry were fabricated by sweeping key device parameters including the input angle, TE port position, TM port position, and bend radius. A representative device was chosen based on its performance in the C-band considering an insertion loss (IL) and extinction ratio (ER) of at least 2.5 dB and 11.45 dB respectively. The incorporation of a waveguide bend at the TE port did not show a significant reduction in the TM crosstalk.
The organization of this paper is as follows. Section 2 presents the design methodology. In Section 3, we characterize the simulated device performance over different sets of parameters. The fabrication and experimental results are presented in Section 4. The device was compared with other devices in the literature in Section 5. Finally, the paper is concluded in Section 6.
Design Methodology
The MMI pattern was simulated using the Lumerical Finite Difference Time Domain (FDTD) method and cross-verified using the COMSOL Finite Element Method (FEM). The COMSOL simulation was used to further optimize device parameters. The parameter dimensions were optimized for performance, specifically extinction ratio and insertion loss, at a central wavelength of 1550 nm. A self-imposed design constraint on the geometry was to limit the minimum feature size of the device to 500 nm while maintaining its small footprint. This limit was dictated by the width of the input and output waveguides. 
Multi-Mode Interferometer
The cross-sectional dimensions of a waveguide constrains the number of modes that it can confine. The input and output Si waveguides had a width of 500 nm and thickness of 220 nm, which allowed for a confinement of only the fundamental TE and TM modes at the central wavelength of 1550 nm. The multi-mode waveguide of width 3 μm confined 16 modes (10 TE modes and 6 TM modes) at a wavelength of 1500 nm, and 14 modes (9 TE modes and 5 TM modes) at a wavelength of 1600 nm as determined from two dimensional (2D) Eigenmode analysis. The interference pattern generated by higher order modes in a multi-mode waveguide was determined using the guided mode propagation analysis technique [21] , which predicts the self-imaging length of the MMI to be,
Here, W e is the effective width of the multi-mode waveguide and n r is the effective refractive index of the propagation medium at the central wavelength λ 0 . The difference in effective indices between the TE and TM modes in the MMI imposed different self-imaging lengths for each mode, which enable its implementation as a polarization splitter. The self-imaging length was calculated separately for the TE 0 and TM 0 modes to extract their corresponding beat length. All other parameters kept constant, L π ∝ W 2 e , which implies that a narrower MMI width requires a shorter self-imaging length, and therefore smaller overall size. Hence the width of the MMI was set at 3 μm as represented in Fig. 1(a) . Using Eigenmode analysis, the effective refractive indices of the TE 0 and TM 0 modes were calculated to be 2.839 and 2.0472, respectively. The mirrored single image lengths (3L π ) for the TE 0 and TM 0 modes in a standard rectangular MMI were therefore calculated to be 75 μm and 53 μm respectively. This suggested a design implementation that extracted the TM 0 mode prior to extracting the TE 0 mode along the direction of propagation. Assuming efficient TM collection, the light propagating beyond the TM port was assumed to contain almost exclusively the TE component. The MMI was therefore tapered beyond the TM port in order to collect all the remaining light at a shorter length than necessitated by the TE self imaging length. The design methodology therefore allowed for a shorter distance of the TE port from the input waveguide, which in turn reduced the overall PBS length from 75 μm to 67.5 μm. Tapering also helped minimize lithography smoothing effects [1] , [4] , and facilitated better collection by minimizing back-reflections. The fidelity of the interference pattern was maintained by tuning the angle made by the input waveguide with the MMI. The different effective indices for TE and TM polarized light resulted in shifted interference patterns for each polarization as shown in Fig. 1 
(b) and (c).
Typical MMI-based PBS designs cascade multiple MMIs to filter out one polarization at its selfimaging length, and subsequently collect the remaining light corresponding to the other polarization at the complementary output. In this design however, both TE and TM fundamental modes were extracted at their self-imaging lengths. The comparably shorter length of the TM interference pattern implied that TM light could not be naturally collected without breaking the continuity of the TE interference pattern. The problem was resolved by extracting TM light above the MMI structure instead of along its expected path of propagation. It was achieved by modifying the directionality of the input light, that is, rotating the input waveguide such that light enters at an angle and therefore propagates at an angle [22] . The rotated input waveguide allowed for the extraction of TM light above the MMI as can be seen in Fig. 1(c) .
Input and Output Waveguides
The PBS ports were tapered out from the MMI to reduce possible back-reflections and therefore ensure optimal transmission into and out of the main MMI block. The mirror point of the TM interference pattern was extended upwards through two techniques. The addition of an extra Si parallelepiped positioned above the MMI at a distance of x TM allowed TM light at the mirror point to diffuse into it due to the gradually varying effective index at that region. Additionally, the propagation of TM light beyond the expected MMI geometry was facilitated by an angled waveguide at the input. The incident angle sufficiently modified the overall propagation direction so that the TM antinode extended into the top block. TM light was therefore selectively collected using this top structure that we will refer to as the periscope. The periscope implementation precluded the need to cascade MMIs as seen in previous PBS designs, because both polarizations were separated in the main MMI itself. The TM waveguide was spaced away from the MMI to minimize coupling between the TE and TM output waveguides. The width of the periscope, w p eri scop e , was minimized to reduce TE crosstalk at the TM port. Additionally, the position of the periscope was centered around a region of destructive interference of the TE mode, seen in Fig. 1 , to further minimize crosstalk. Once the TM interference pattern was coupled into the periscope and extracted, the remaining TE light was collected at its self-imaging length. An offset of y TE for the TE output waveguide enabled bi-directional tapering of the MMI towards the waveguide, and therefore significantly better collection.
The inclusion of different waveguide bend radii at the TE output was also considered. This is because the asymmetricity of the waveguide cross-section (width of 500 nm and thickness of 220 nm) caused an effective index difference and better confinement for TE than TM. This selective confinement between TE and TM suggested the possibility of incorporating a sufficiently sharp waveguide bend at the TE port to induce the leakage of TM crosstalk, as has previously been implemented in a directional coupler PBS [17] . The experimental characterization was therefore extended to evaluate the benefit of a TE output bend as an optional feature of the design.
Simulation Parameters
The simulation was carried out using the Finite Element Method (FEM) available through the Wave Optics module in COMSOL Multiphysics. A matched boundary condition was imposed on the output ports in order to eliminate back reflections. A numerical port was used to solve for the fundamental modes of the given geometry at the input. The waveguide material was Si obtained from the COMSOL material library with a wavelength dependent refractive index following piecewise cubic interpolation of Li 293K [23] . Similarly, the cladding was set to be SiO 2 (Ghosh-0) from the COMSOL material library [24] . Using the numerical port, TE and TM modes were solved separately. This separation allowed for a simpler analysis albeit at the cost of running two separate simulations. A scattering boundary condition was used to eliminate potential reflections caused by decaying waves, and therefore allowed the simulation region to be limited to the device instead of incorporating an extensive cladding region. Additionally, a non-uniform mesh was implemented to obtain higher resolutions where the light was concentrated.
The MMI length was determined to be approximately 75 μm from the self-imaging length formula [21] . However, parameter sweeps in numerical simulations of the MMI for power transmission predicted an optimal length of 67.25 μm. Adjusting the input angle led to an improved contrast in the interference pattern and a clearer separation of TE and TM. The Lumerical Finite Difference Time Domain (FDTD) method was used to evaluate the interference pattern when sweeping the input angle. The strength of the interference pattern was measured by the contrast ratio of the pattern calculated using the images shown in Fig. 1(b) and (c). The angle optimization results were cross-verified with FEM and produced an input waveguide angle of 29.39°. The bend at the TE port was optimized separately in Lumerical FDTD and resulted in a radius of 3 μm.
Parameter Space Characterization
The device performance was characterized for variations in its geometric parameters to ensure consistency and to probe the design methodology for relatively sensitive parameters. As expected, the response of the MMI was found to be most sensitive to the dimensions and positions of its ports. Hence, the values of the input angle, and output horizontal and vertical positions of the ports were varied. The consequent change in performance was evaluated using the IL, ER, and interference pattern strength as figures of merit [25] . This characterization of the PBS design parameter space informed the choices for parameter values that were consequently fabricated and tested.
Regarding the TM port, its location was optimized using the width of the periscope, w per i scop e , and its horizontal position, x TM . However, since w per i scop e and x TM are coupled to each other, the problem space was characterized in a two dimensional sweep of both parameters as shown in Fig. 2 . It was evident that there was no clear optimum for a combination of parameters at the TM port that simultaneously maximized TM transmission (corresponding to IL) while minimizing TE crosstalk (corresponding to ER). The black dots in Fig. 2 show two parameter sets corresponding to a periscope offset and width of [54 μm, 6.5 μm], and [55.7 μm, 5.5 μm]. As the TM transmission showed a stronger dependence on parameter values, the parameter values chosen for fabrication were determined by prioritizing TM transmission while maintaining low TE crosstalk. The TE port was characterized over the MMI length (corresponding to the horizontal position of the TE port), and the vertical offset of the TE port from the top. Fig. 3 shows the surface plot for the two parameters. In this case, preference was given to TE transmission since TM crosstalk was consistently low within the well region of Fig. 3 . Four parameter sets were chosen in and around the well, with the center of the well located at [67.25 μm, 0.875 μm].
The angle of the input waveguide, and the bend radius were each used to optimize the interference pattern strength and extinction ratio at the TE port respectively. Input angle was a critical parameter of this design due to its effect on the interference pattern in the MMI. The parameter values chosen for further experimental analysis are shown in Table 1 , which comprise 72 variations of the device geometry for specific combinations of parameter values.
Fabrication and Experimental Results
PBS designs were fabricated using electron beam lithography [26] as seen in Fig. 4 . Each PBS was connected to single-polarization broadband grating couplers (GC) [27] and measured using a Yenista CT400 detector and tunable laser. The measurements were taken over the 1500 nm to 1600 nm wavelength range with a resolution of 0.1 nm. The insertion loss and crosstalk for each polarization were measured simultaneously and the results were used to calculate extinction ratios. The losses were normalized with back-to-back reference GCs that were placed near the devices Fig. 4 . Optical microscope image of the on-chip fabricated PBS connected to input and output grating couplers for testing. Black spots are due to the microscope lens and do not appear on the chip. on the same chip for each polarization. As the grating couplers offered only a single polarization response, TE and TM responses were measured separately using separate, adjacent copies of the same device. As a result, the PBS was characterized by exciting either the TE 0 or TM 0 modes separately via the choice of grating couplers. Additionally, the waveguide geometry maintained the mode propagation as it only confined the fundamental modes. The testing process was carried out using a custom-built, automated passive optical testing setup for SiP chips.
Analysis
The IL from each device was normalized by subtracting from a reference GC response to obtain a GC-independent insertion loss. Insertion loss results above 0 dB (but below 1 dB) were observed for certain devices and are attributed to fabrication variations between GCs, or systematic errors in the measurement process. These results were retained as the ER values are still relevant to the characterization. The performance of all 72 parameter combinations within a 100 nm bandwidth (BW) from 1500 nm to 1600 nm, are shown in Fig. 5 . These 72 variations consisted of 24 different test cases (two TM port combinations were not considered as seen in Fig. 2 ) of the base PBS design that were chosen for experimental characterization. The cases were also tested with the inclusion of a bend of radius 3 μm or 5 μm in the TE output waveguide. The average transmission response is indicated as a darker, solid line.
The transmission at both ports was contained within a relatively tight range of 5 dB. The TE and TM transmission losses were comparable, indicating the ER difference was not due to transmission (as was prioritized in Section 3), but instead the ability of the device to filter out crosstalk. The extinction ratio for TE was found to be optimal within the C-band for all variations, since the wavelength-dependent L π was designed at a central wavelength of 1550 nm. As expected, performance degraded with increasing bandwidth. The TM extinction ratio however, declined with wavelength despite the consistent transmission response. This suggests the possibility of prioritizing the minimization of TE crosstalk at the TM port in future designs. Fig. 6 demonstrates the resilience of this design to variability in its key parameters. Since transmission was relatively consistent across the parameter space, the ER at each port was selected as a figure of merit for device performance. In order to compare parameter-dependent performance variability, it was deemed valuable to understand the effect on performance of changing each parameter value separately. Therefore, Fig. 6 shows the average ER for all devices when the value of any one parameter is held constant. For example, in Fig. 6(b) for the TM port, it can be seen that the periscope offset and width combination of 54 μm and 6.5 μm results in an improved ER for the PBS, at the expense of reducing the ER at the TE port. These two parameters were paired in the problem space characterization and are hence shown together here. Fig. 6(f) represents the devices with the best and worst ER in the parameter space, as determined by their average ER in the C-band. Fig. 6 therefore visualizes slices of the parameter space by showing the dependence of performance on each parameter variation.
A higher variation of ER in the C-band was observed at the TE port, with a maximum difference of approximately 12 dB. The maximum variation between devices at the TM port was approximately 7 dB in the C-band range. The largest variation at the TM port occurred in Fig. 6(b) . Hence as expected, the TM transmission was found to be most sensitive to changes in the dimensions of the periscope at the TM port. In order to observe trends within the parameter space, the maximum Cband transmission and crosstalk IL for every device as classified by parameter, are shown in Fig. 7 . In concurrence with Fig. 5 , TE and TM transmission IL do not vary significantly. The clustering of the rings demonstrates a high tolerance to parameter variations and therefore fabrication errors, which is in agreement with the results in Fig. 5 . The periscope offset x TM appeared to demonstrate a lower crosstalk at 54 μm, which again suggests a reduction in this dimension for further optimization. At the TE port, crosstalk was found to be significantly lower for a MMI length of 67.5 μm, which also Each circle represents the worst-case insertion loss for a specific polarization at a specific port. Hence worst-case TE transmission at the TE port for each device is shown in blue, TM transmission at the TM port in yellow, TE crosstalk at the TM port in green, and TM crosstalk at the TE port in violet. Fig. 8 . Transmission spectrum measurements for the optimal design at the (a) TE and (b) TM ports corresponding to the results in Table 2. corresponded with better TE transmission. Characterization of the bend radius further indicated the possibility of extending the device by including a bend for lower crosstalk at the TE port, however this could not be conclusively verified given the distribution of points with lower crosstalk.
Optimization
The characterization of the PBS parameter space provided the means for an experimental parameter optimization. As determined by the simulations, it was seen that the cases with the highest transmission did not correspond with those with the lowest crosstalk, hence offering more choices in device design based on required specifications. The best simulation and experimental performance are shown in Fig. 8 with the optimal values depicted in Table 2 along with a comparison of the simulation results. The representative PBS demonstrated a minimum insertion loss of 2.73 dB and 0.59 dB for TE and TM modes, with minimum extinction ratios (ER) of 13.96 dB and 11.45 dB at the TE and TM ports respectively, across the entire telecom C-band wavelength range of 1530 nm to 1565 nm. The ER degraded to 11.49 dB and 6.73 dB within the expanded range of 1500 nm to 1600 nm. The experimental characterization showed a higher performance for devices with a longer TE port offset and shorter TM port offset. However, considering the relative insensitivity of the device performance to parameter variations, the difference in performance was within the range of measurement error. For example, the 0.25 μm difference in optimum MMI lengths corresponded to an ER difference of only 1 dB. The waveguide bend was found to have negligible effects on the IL and ER at the TE port. Cascaded bends with TM coupling to dummy ports could be implemented to improve TE extinction ratios. The relatively worse insertion loss for TE transmission in Fig. 8 indicated possible back-reflections, which were confirmed by the lower quality interference pattern observed in Fig. 1(b) , and the lower transmission for TE than TM. The wavelength-dependent oscillations in Fig. 8(a) are attributed to the free spectral range of the MMI for the fundamental TM mode.
Discussion
A selection of state-of-the-art PBS devices (including the proposed design) are shown in Table 3 .
The proposed device was designed for reliable performance and low fabrication cost in a wide variety of integrated SiP circuits. With this in mind, the footprint and performance were optimized while maintaining constraints such as a single etch fabrication process, single material core, noncascaded MMIs, genus zero topology, and minimum feature size larger than 500 nm. These constraints ensured its tolerance to fabrication errors, reliability under thermal or mechanical stress, reproducibility, and consistency in performance over a large spectral range. The proposed device therefore offers a smaller footprint or better fabrication tolerance as compared to most PBS designs, and maintains a comparable performance in the C-band.
Conclusion
We have experimentally demonstrated a novel, compact 4 μm × 67.5 μm polarization beam splitter by combining the concepts of an angled MMI, wedges, and tapering. This represents an extremely small form factor for a PBS design with a topology of genus zero, that is, one single block of Si with no holes or sub-wavelength features. The geometric simplicity facilitates a high fabrication tolerance and its compact size allows for a broadband response, as was characterized using parameter variations over 72 fabricated test structures. An angled input waveguide combined with the addition of a 1 μm × 6.5 μm periscope, facilitated the extraction of the TM interference pattern above the MMI instead of in-line with propagation. The device was measured with and without a waveguide bend at the TE port and did not show a significant improvement in the reduction of the TM crosstalk through the waveguide as a result of this bend. An average insertion loss of approximately 1.6 dB was measured for all variations over a 100 nm wavelength range from 1530 nm to 1665 nm. In the C-band, TE and TM extinction ratios of at least 13.96 dB and 11.45 dB respectively, were observed.
